The interaction of a natural face of FeS 2 (100), cleaned in ultra-high vacuum (UHV), with H 2 O and H 2 S has been investigated with X-ray photoelectron spectroscopy (XPS), temperature programmed desorption (TPD), and the photoemission of adsorbed xenon (PAX). PAX is sensitive to the short-range order of the surface and allows the effects of defects on the surface reactivity of FeS 2 (100) to be studied. PAX results suggest that both H 2 S and H 2 O bind most strongly to defect sites that we propose are, at least in part, sulfur anion vacancy sites. Whereas the majority of H 2 O adsorbate desorbs from these sites in the temperature interval of 200-300 K, H 2 S dissociates upon heating to 500 K into adsorbed surface hydrogen, S, and SH. This dissociation occurs on defect sites that then release part of the dissociation fragment, which is thought to be surface hydrogen, onto other regions of the pyrite surface that are proposed to be stoichiometric FeS 2 . Heating to 600 K causes further reaction of S containing dissociation fragments with sulfur-deficient sites to form new surface sites that resemble FeS 2 . The results also suggest that surface hydrogen dissolves into the pyrite bulk upon heating to 600 K.
INTRODUCTION
Pyrite is the most abundant metal sulfide on Earth and it forms in reducing environments, such as marine sediments, crater lakes, aquifers, water-logged soils, and in exhalative marine hydrothermal systems (Rickard and Luther 1995) . Interaction between HS and iron sulfide mineral surfaces is of importance in the formation of pyrite. As shown recently (Rickard 1997; Rickard and Luther 1997) , pyrite can be formed from aqueous systems consisting of iron monosulfides (amorphous FeS, mackinawite, or pyrrhotite) and dissolved HS. Once pyrite is formed via sulfidation of iron monosulfides, it can grow directly from solution leading to macroscopic, euhedral crystals (Schoonen and Barnes 1991) . Growth of pyrite in solutions with HS as the sole sulfur source must involve a surface reaction in which adsorbed HS is transformed into a lattice-bound disulfide.
The H 2 S-FeS 2 interaction is also of importance in systems where pyrite is not growing. Water in reducing environments often contain sulfidic sulfur, S 2Ϫ , in the form of H 2 S, HS Ϫ , or S 2Ϫ complexes (note S 2Ϫ species are not important in natural solutions, see Schoonen and Barnes 1988) . A recent electrophoresis study (Bebie et al. 1997) showed that H 2 S and HS Ϫ are potential-determining ions on the pyrite surface. The addition of S 2Ϫ species renders the pyrite surface a negative charge over the entire pH range that can be evaluated using electrophoresis (2ϽpHϽ11). A similar effect was observed by Dekkers * E-mail: dstrongi@nimbus.ocis.temple.edu and Schoonen (1994) in their electrokinetic study of synthetic pyrrhotite and greigite. An analysis of all this prior research suggests that the interaction between H 2 S and iron sulfides involves more than simply displacing ϾOH functional groups that are thought to be present on surface metal atoms. It is important to understand the interactions between H 2 S and pyrite because this may influence the interaction of inorganic aqueous species (Kornicker and Morse 1991; Schoonen et al. 1992) , organic aqueous species (Bebie and Schoonen 1997) , and bacteria with the pyrite surface (Caldwell et al. 1984) .
The H 2 S-FeS 2 interaction is also of importance in the field of mineral separation and in the development of solar energy cells. Mineral separation via flotation is based on differences in hydrophobicity of mineral surfaces. The hydrophobicity of a mineral surface is routinely manipulated by addition of surfactant and other reagents to the ore slurry. As shown by Kydros et al. (1994) the flotation of pyrite can be manipulated by addition of Na 2 S to the ore slurry. While the H 2 S-FeS 2 interaction is of importance in applications such as desulfurization of coal and concentration of auriferous pyrite, there is no insight into the surface reactions that control the hydrophobicity of a pyrite surface in a Na 2 S solution. Addition of Na 2 S to pyrite in photocells appears to stabilize the pyrite (Chen et al. 1991) . In the absence of Na 2 S, illumination of pyrite leads to photocorrosion and loss of energy yield. Because the addition of Na 2 S may significantly prolong the usefulness of pyrite in solar energy cells it is important to understand the H 2 S-FeS 2 interaction (Bard 1982) . This paper investigates the reaction of H 2 S on pyrite in the ultra-high vacuum environment with emphasis on the effect of short-range order of the pyrite surface on this reaction. We also present results for the thermal chemistry of H 2 O on FeS 2 (100) and contrast the reactivity of this adsorbate to that of H 2 S. For both systems, the photoemission of adsorbed xenon (PAX) technique (Jablonski and Wandelt 1991; Wandelt et al. 1981 ) is used to characterize the short-range order of pyrite with and without adsorbate.
Due to the relatively weak interaction between Xe and the substrate, the binding energy (relative to the Fermi level) of the photoelectrons from adsorbed Xe depend on the electrostatic potential or work function of its adsorption site (Jablonski and Wandelt 1991; Wandelt et al. 1981) . The local work function differs from the macroscopic work function; the latter is basically the average work function for the whole substrate, whereas the former is characteristic of microscopic regions of the sample. Hence, Xe atoms bound at different sites with non-equivalent electrostatic potentials can be distinguished during photoemission (given that the energy resolution of the spectroscopic technique is sufficient). Recent studies in our laboratory have shown that PAX is sensitive to the short-range order of FeS 2 (100). We emphasize two points concerning the interpretation of our PAX results here.
(1) Xe adsorption is inhibited by the presence of coadsorbates such as H 2 O and H 2 S on pyrite. The size of Xe (ϳ4 Å diameter) prohibits a 1:1 correspondence between the amount of Xe inhibited and the surface coverage of H 2 O and H 2 S adsorbate.
(2) The presence of H 2 O and H 2 S changes the macroscopic work function of the sample. The binding energy of adsorbed Xe determined during photoemission, however, is not significantly (ϳ0.2 eV) affected by this electronic perturbation. This experimental observation emphasizes the sensitivity of Xe to the local electrostatic potential of its adsorption site.
These points can only be considered assumptions at this juncture, but results presented in this contribution will support their validity. Based in large part on these assumptions, we show in this contribution that adsorbed H 2 S and H 2 O bind preferentially on defects, thought to be primarily sulfur-deficient sites on pyrite. H 2 O is shown largely to simply thermally desorb from these defects by a temperature of 300 K. H 2 S is shown to exhibit a more complex chemistry that involves dissociation on the defect sites and the migration of its dissociation fragments onto the less reactive stoichiometric FeS 2 surface.
EXPERIMENTAL METHODS AND TECHNIQUES
All experiments presented were performed in a bakeable stainless-steel ultra-high vacuum (UHV) chamber with a working base pressure of 3 ϫ 10 Ϫ10 Torr. UHV was obtained by ion, titanium sublimation, and turbomolecular pumps. The chamber was equipped with a quadrupole mass spectrometer, low energy electron diffraction (LEED) optics, double pass cylindrical mirror analyzer (CMA) with an electron gun for Auger electron spectroscopy (AES), X-ray source for X-ray photoelectron spectroscopy (XPS), and ion gun for sample cleaning.
A 6 cm 3 pyrite cube (single crystal) obtained from Longrono, Spain (Wards) was cut into a 2 mm thick square plate with an area of 1 cm 2 . One side of the plate was an as grown surface, and any mechanical or chemical alteration of this natural surface was avoided outside of the UHV chamber. Laue-back reflection of the sample before its introduction into the UHV chamber showed sharp diffraction spots, and their symmetry indicated that the asgrown face was the (100) face, but the surface was visually striated.
For PAX, the pyrite plate was mounted on a tantalum foil with a conductive ceramic cement (Ag was a component) that increased thermal contact for enhanced cooling. For temperature programmed desorption (TPD) experiments no cement was used to allow sufficiently fast heating rates. In either case, the sample assembly was held in contact with a liquid nitrogen cryostat using tantalum wires spot-welded to the foil and mechanically clamped (electrically isolated) to the cryostat. Cooling down to temperatures in the range 78-80 K was routinely achieved by pumping on the liquid nitrogen within the cryostat. Heating of the sample was done resistively by passing current through the support wires via a copper braid that was held in intimate contact with the cold cryostat to reduce heat leaks through the copper heating wire. The temperature of the crystal was monitored with a type-K thermocouple, attached directly to the top edge of the sample using ceramic cement.
Preparation of an atomically clean FeS 2 (100) sample for UHV studies was carried out as described in detail by Chaturvedi et al. (1996) . Briefly, the surface is prepared by using a cleaning cycle composed of 20 min 200 eV He ϩ ion bombardment and 1 min anneals to 300 ЊC. Typically about 3-4 of these cycles were needed to reduce carbon and oxygen contamination below the detectable limit of AES. However, O 1s XPS did show some oxygen contamination suggesting that this contaminant resided beneath the outermost surface. Both H 2 O and H 2 S were admitted into the UHV chamber through vacuum compatible leak valves. Exposures of these gases are quoted in Langmuirs (1 L ϭ 10 Ϫ6 Torr·s). H 2 was admitted into the UHV chamber through a ⅛Љ stainless steel dosing-tube attached to a second UHV compatible variable leak valve. Dosing with atomic hydrogen was accomplished by moving the sample to within 2 cm of the end of the dosing tube. In between the sample and dosing tube was a tungsten filament that could be resistively heated so that it became white-hot. An undetermined fraction of H 2 (background pressure of 1 ϫ 10 Ϫ5 torr) passing over the white-hot filament produced H atoms, and a fraction of these subsequently interacted with the pyrite sample.
Some information concerning the desorption of particular products resulting from the thermal surface chemis-FIGURE 1. PAX data for atomically clean FeS 2 (100) as a function of the Xe background pressure. These data were obtained at a sample temperature of 79 K. The 669.9 and 668.9 eV features are thought to be associated with Xe adsorbed on stoichiometric and defect surface, respectively. The inset plots the area of these two PAX features as a function of Xe pressure.
try of H 2 O and H 2 S is inferred from temperature programmed desorption (TPD) experiments. TPD is a technique by which gaseous products can be detected and chemically identified, and in some cases the kinetics of surface reactions that lead to those products can be obtained. The typical TPD experiment involves adsorbing the molecule of interest at a temperature where dissociative chemisorption is prevented (this circumstance of course can not always be obtained). The sample temperature is then increased as a linear function of time. In the limit of infinite pumping speed in an UHV chamber, the mass spectrometer signal is proportional to the desorption rate of a particular product. In general, by analyzing the temperature at which a product shows a maximum desorption rate (known as T P ) and recording this for a variety of initial adsorbate coverages, estimates of the reaction order can be obtained. Also, by analyzing T P as a function of heating rate and/or coverage in some cases, estimates of the activation energy of desorption can be obtained (see the seminal paper by Redhead 1962) .
For a 1 st order desorption process (T P independent of coverage), we estimate the activation energy for desorption, E a , from T P (Eq. 1; Redhead 1962 )
where R is the gas constant (cal-K
, ␤ is the heating rate (K/s), and v is the preexponential factor (s Ϫ1 ). Because many surface adsorption processes are unactivated, E a is taken in some situations to be close in value to the adsorption energy of the adsorbate.
TPD experiments presented in this contribution were performed with a heating rate of 8 K/s Ϫ1 . All desorbing species were monitored simultaneously by a multiplexed mass spectrometer. During a single experiment, for example, up to 9 ions could be monitored as a function of temperature. This allows products to be identified by comparing the mass spectrometer fragmentation pattern of desorbing species against reference gases (in this case H 2 O and H 2 S). The ionization region of the mass spectrometer was housed in an enclosure with a small aperture. During TPD experiments, the sample was translated to within 0.5 cm of the aperture hole, limiting the detection of gases desorbing from the sample supports.
XPS was performed by using unmonochromatized MgK␣ radiation (1253.6 eV) as the excitation source. XPS measurements of the Xe (for PAX) and O 1s 3d 5/2 levels were obtained with a CMA pass energy of 50 and 25 eV, respectively. All XPS binding energies presented in this paper are calibrated by aligning the Fe core 2p 3/2 level of pyrite to 707.0 eV.
PAX data presented in this contribution were typically obtained at a sample temperature of 79-80 K and a Xe background pressure of 1 ϫ 10 Ϫ5 Torr (uncorrected for the ionization efficiency of Xe). This background pressure of Xe was needed to maintain a steady-state coverage of Xe on the sample (condensation temperature of Xe is ϳ60 K).
RESULTS

PAX of clean FeS 2 (100)
The Xe 3d 5 ⁄ 2 signal intensity increased with pressure due to the increasing steady-state concentration of surface Xe (Fig. 1) . Prior detailed studies in our laboratory concluded that two different types of sites adsorbed Xe on FeS 2 (100) and their relative contribution to the Xe 3d 5 ⁄ 2 signal depended on the Xe background pressure (Guevremont et al. 1997) . Those studies showed that Xe adsorbing on stoichiometric surface (i.e., FeS 2 ) and defect sites (thought to be anion vacancies and steps, etc.) result in Xe 3d 5 ⁄ 2 binding energy features at ϳ669.9 and Ϫ668.9 eV, respectively. Stoichiometric surface refers here to regions of pyrite that have FeS 2 stoichiometry, such as terrace sites. The basis for both these binding energy peak assignments is presented elsewhere (Guevremont et al. 1997) , but data presented below for H 2 S and H 2 O/ FeS 2 (100) independently support these assignments. Specifically, we show below that these two Xe species that contribute to the Xe 3d 5 ⁄ 2 signal can be isolated by coabsorbing Xe with H 2 O or H 2 S. There is a higher binding energy feature with a peak maximum near 674 eV that is needed to fit the 1 ϫ 10 Ϫ5 and 3 ϫ 10 Ϫ5 torr spectra. This feature appeared at high pressure and due to its high bind- ing energy we believe that it was due to a final state relaxation process that occurred in the Xe overlayer at high concentration as has been proposed elsewhere (Malafsky et al. 1992) .
The inset to Figure 1 shows the relative contributions of the two peaks that are associated with stoichiometric and defect surface. The 668.9 eV peak area reached a plateau in the low 10 Ϫ5 torr Xe range, but the 669.9 eV peak area continued to increase in this same range. We suggest on the basis of this latter result that even at a Xe pressure of 3 ϫ 10 Ϫ5 torr and a sample temperature of 79 K that the stoichiometric surface had not become saturated with Xe. Experimental difficulties prevented PAX data from being obtained at higher background pressures of Xe.
Thermal chemistry of H 2 O on FeS 2 (100) TPD and XPS of H 2 O/FeS 2 (100).
The only desorbing species experimentally observed with the mass spectrometer during H 2 O/FeS 2 (100)-TPD was H 2 O (Fig. 2) . At the lower exposure of 1 L, the H 2 O desorption trace exhibited a peak temperature, T P , of 185 K, as well as broad desorption between this peak temperature and 300 K. It was suspected that this broad desorption temperature range is due to H 2 O desorption from different sites with a range of activation energy of desorption values. We experimentally observed a significant decrease in T P after FeS 2 (100) was exposed to 10 L of H 2 O. A T P of 150 K is typical of H 2 O desorption from the multilayer (Thiel and Madey 1987; Gleason and Strongin 1995) , and we infer from this result that multilayer or significant clustering of H 2 O had occurred after such a high exposure.
Using Equation 1 we can estimate the difference in activation energy for desorption for H 2 O bound on the stoichiometric (T P ഠ 185 K) and defect surface (T P ഠ 250 K) to be 10 and 15 kcal/mol Ϫ1 , respectively (preexponential factor of 10 13 s Ϫ1 is assumed. If we assume that the adsorption of H 2 O is unactivated these values can also be taken to be estimates of the relative adsorption energies of H 2 O at the different sites.
XPS-O 1s data (Fig. 3) were obtained by exposing FeS 2 (100) to 10 L of H 2 O at 110 K and then individually heating the sample momentarily to 180, 200, and 400 K. The heating was done sequentially and after each heating step the sample was cooled back down to 110 K where data was obtained.
After a 10 L dose of H 2 O, the O 1s peak was centered at 533.9 eV, a value that we associated with H 2 O bound in a multilayer. Heating to 180 K led to a significant decrease in the O 1s intensity, consistent with TPD of H 2 O/ FeS 2 (100) (Fig. 2) that showed that the majority of H 2 O desorbed after heating to 180 K. We suspect that the H 2 O left on the surface after heating to 180 K was primarily bound intimately to FeS 2 (100), but the data did not rule out hydrogen bonded clusters. The shift of the O 1s binding energy from 533.9 to 532.8 eV upon heating from 110 to 180 K was consistent with the loss of the multi- layer and the presence of a H 2 O monolayer. Further heating to 200 K led to a decrease in the 532.8 eV feature and the appearance of a feature at 531 eV. The latter feature may have been present in the 180 K spectrum. We assigned this feature to a decomposition fragment of H 2 O, either OH or atomic O. The former feature at 532.8 eV was assigned to H 2 O that was bound on FeS 2 (100), because upon heating to 400 K this feature was eliminated, consistent with TPD that showed that H 2 O entirely desorbed by 400 K. The 530.3 eV feature in the 400 K spectrum was probably due to an iron oxide because of its low binding energy value (Furuyama et al. 1978) . The clean O 1s spectrum exhibited a smaller spectral feature near 530 that was believed to be strongly bound residual oxygen that could not be removed by our cleaning procedure. The 532 eV feature may have been due to hydroxyl (Nesbitt and Muir 1994; Knipe et al. 1995) or oxygen, but could not be definitively assigned in this study. However, based on integrated peak areas from the 180 and 400 K data we can state that 5% of the initial H 2 O that adsorbed at 180 K dissociated upon heating to 400 K.
PAX of H 2 O/FeS 2 (100). PAX data for H 2 O/FeS 2 (100) were obtained after exposing pyrite to 10 L of H 2 O at 79 K, and after heating this surface in a step-wise manner to 200 and 400 K. After each heating step the sample was cooled to 79 K where a Xe background pressure of 1 ϫ 10 Ϫ5 torr was admitted into the experimental chamber. An exposure of 10 L resulted in a H 2 O multilayer on FeS 2 (100) and consistent with this contention was that the 80 K PAX spectrum showed almost no Xe 3d 5 ⁄ 2 spectral weight (Fig. 4a) . This result supported assumption 1 made in the Introduction. Heating to 200 K resulted in a PAX spectrum that showed significant Xe adsorption, suggesting that this thermal treatment left vacant sites on FeS 2 (100) where Xe could adsorb. Of note was that the peak maximum of the 200 K spectrum was near 670 eV, close to what has previously been associated with Xe adsorption on stoichiometric pyrite surface. Heating to 400 K resulted in a PAX spectrum that was similar to the clean spectrum indicating that the vast majority of adsorbate resulting from H 2 O exposure at 80 K left the FeS 2 (100) surface.
Difference spectra (Fig. 4b) obtained by individually subtracting the 200 and 400 K data from the clean FeS 2 (100) data showed the Xe spectral weight that was lost (relative to the clean spectrum) upon heating H 2 O/ FeS 2 (100) to these temperatures. The 200 K difference spectrum showed a peak with a maximum at 669 eV, similar to the position that has been associated with defect sites on FeS 2 (100). Conversely, the 200 K spectrum of Figure 4a lost Xe intensity due to the blocking of defect sites by adsorbed H 2 O (or its dissociation fragments) at 200 K. Although the 400 K PAX difference spectrum did not show clear evidence that defect sites (ϳ669 eV) were blocked, we nevertheless inferred from the XPS data evidence that some defect sites were occupied by H 2 O dissociation fragments.
Thermal chemistry of H 2 S on FeS 2 (100)
TPD of H 2 S/FeS 2 (100). Figure 5 exhibits desorption traces for 10 L-H 2 S/FeS 2 (adsorption was carried out at 110 K). The T P of 180 K corresponds to an activation energy of desorption of ϳ10 kcal/mol (preexponential factor of 10 13 s Ϫ1 is assumed). The possibility that H 2 evolution occurred during the thermal chemistry of H 2 S was also investigated, but within experimental error little if any gaseous H 2 was experimentally observed.
PAX of H 2 S/FeS 2 (100). After exposure of clean FeS 2 (100) to 15 L of H 2 S at 79 K and subsequent annealing to the indicated temperatures, PAX data (obtained at a Xe pressure of 1 ϫ 10 Ϫ5 torr) showed a small Xe 3d 5 ⁄ 2 feature (Fig. 6) . The small amount of adsorbed Xe suggested that adsorbed H 2 S blocked the majority of surface sites. Heating to 250 K resulted in the desorption of H 2 S (as shown by TPD) and the associated 250 K-PAX spectrum showed a significant increase in Xe adsorption rel-FIGURE 5. Thermal desorption traces of H 2 S and H 2 for H 2 S TPD. Adsorption of H 2 S was carried out near 120 K. FIGURE 6. PAX data obtained after FeS 2 (100) was exposed to 15 L of H 2 S and then heated in stepwise fashion to the indicated temperatures. Difference spectra shown in the inset were obtained by individually subtracting the different temperature spectra from the clean surface spectrum.
ative to the 80 K spectrum. These PAX data showed that H 2 S desorbed from the surface creating vacant surface sites on the pyrite surface that could adsorb Xe. Furthermore, after inspection of the 250 K difference spectrum (Fig. 6 ), which shows a peak at 669 eV, we propose that the H 2 S resided on FeS 2 (100) at defect sites.
Heating of H 2 S/FeS 2 (100) to 500 K led to an interesting experimental observation that had no parallel in our studies of H 2 O/FeS 2 (100). Specifically, the amount of Xe that adsorbed on FeS 2 (100) decreased upon heating from 250 to 500 K, suggesting that the number of vacant sites decreased so that Xe adsorption was reduced. This decrease was due to the further filling of pyrite surface by the migration of surface bound H 2 S or the dissociation fragments thereof. This contention was supported by the difference spectrum (inset of Fig. 6 ) obtained by subtracting the 500 K data from the clean surface data. The resulting spectrum showed enhanced spectral intensity and high binding energy spectral weight (in the region of ϳ670 eV) compared to the 250 K difference spectrum.
Further heating to 600 K resulted in increased Xe adsorption, relative to the 250 and 500 K spectrum. The 600 K difference spectrum (Fig. 6 inset) exhibited a ''negative'' feature peaked near Ϫ670 eV, indicating that heating to this temperature resulted in an increase of surface that adsorbed Xe in a similar way to stoichiometric FeS 2 surface. Also, of note was spectral weight near 668.9 eV that suggested that the defect concentration of the 600 K-surface was less than that of the clean surface.
TPD and PAX of FeS 2 (100) exposed to atomic hydrogen. Pyrite did not dissociate hydrogen as inferred from the experimental observation that no gaseous products were evolved during TPD after FeS 2 (100) was exposed to H 2 . In contrast TPD after FeS 2 (100) was exposed to hydrogen atoms, generated by passing hydrogen over a white hot tungsten filament, exhibited gaseous H 2 and H 2 S product with peak maxima at 400 and 430 K, respectively (Fig. 7) .
The PAX spectrum of FeS 2 (100) after this surface was exposed to H atoms at 80 K had a similar full-width-halfmaximum as a clean surface spectrum (Fig. 8) . The amount of Xe, however, that adsorbed to H/FeS 2 (100) was ϳ30% less than the amount of Xe that adsorbed to clean FeS 2 (100), suggesting that surface hydrogen was a site-blocker of Xe. Heating H/FeS 2 to 500 K led to a significant change in the spectrum. Most noticeable was the loss of spectral weight at high binding energy and a shift of the peak maximum to 669 eV, a position that has been previously associated with Xe adsorption on defect site. The difference spectrum obtained by subtracting the 500 K data from the 80 K spectrum, resulted in a feature peaked at ϳ670 eV and a ''negative peak'' near ϳ668.9 eV (inset to Fig. 8) . The feature at 669.9 eV in the dif-FIGURE 7. TPD results for FeS 2 (100) that was exposed to atomic H. FIGURE 8. PAX data obtained after FeS 2 (100) was exposed to atomic H at 80 K and after heating to 500 K. The inset exhibits the difference of the 80 and 500 K spectrum and our interpretation of it is that upon heating to 500 K sulfur vacancy sites are created at the expense of stoichiometric surface. ference spectrum indicated that H 2 S desorption, which was demonstrated by TPD (Fig. 7) , resulted in a decrease in stoichiometric surface. Furthermore, on the basis of these PAX data we attributed the 420 K H 2 S desorption peak to the reaction of surface hydrogen with lattice sulfur from stoichiometric surface. This reaction led to the creation of sulfur anion vacancies or defect site. (Repeated H atom TPD experiments degraded the crystal rapidly, causing a broadening of the TPD peaks.) TPD of FeS 2 exposed to H 2 S and atomic H (and D). FeS 2 (100) was exposed to 25 L of H 2 S at 80 K, heated to 500 K to induce reaction, cooled back down to 80 K, and then exposed to atomic hydrogen. The objective of this pretreatment was to produce those fragments that inhibited Xe adsorption at 500 K and to determine their nature by extracting the fragment with atomic hydrogen into the gas phase during TPD. This H 2 S pretreatment and exposure to H atoms at 80 K resulted in gaseous H 2 and H 2 S evolution (Fig. 9a) . In contrast to the experiments with no H 2 S pretreatment (Fig. 7) a new H 2 S desorption feature appeared near 270 K. This latter desorption feature was due to the addition of atomic hydrogen to surface fragments resulting from H 2 S exposure at 80 K and heating to 500 K.
Insight into the stoichiometry of the dissociation fragment was obtained through the use of atomic D, instead of H atoms. TPD data obtained by pretreating FeS 2 (100) with H 2 S (as above) and then exposing the sample to atomic D showed D 2 S, DHS, D 2 , and HD evolution (Fig.  9b) . D 2 S evolution at 420 K was due to the abstraction of lattice S by D atoms. D 2 S evolution at 270 K was presumably due to the reaction of D atoms with weakly bound atomic S resulting from the dissociation of H 2 S. Last, DHS evolution at 270 K was due to the reaction of D atoms with S-H fragments resulting from H 2 S dissociation. The larger DHS desorption feature with a peak temperature of 420 K was attributed to the reaction of surface H (supplied by H 2 S dissociation) and D atoms with lattice S.
DISCUSSION
Thermal chemistry of H 2 O on FeS 2 (100)
At least in the vacuum environment, the results for H 2 O and H 2 S on FeS 2 (100) suggest two contrasting pictures of FIGURE 9. TPD results for FeS 2 (100) that was exposed to 25 L H 2 S at 80 K, heated to 500 K, cooled back to 80 K and exposed to atomic (a) H and (b) D. the surface. For H 2 O, adsorption is strongest at defect sites that are tentatively assigned to be at least in part sulfur-vacancy sites. These defect sites almost certainly include step sites, which have been imaged with tunneling microscopy (Eggleston and Hochella 1992) , and exhibit perturbations of electronic structure relative to terrace sites. We emphasize that in our experiments, once the FeS 2 (100) was atomically cleaned by our UHV-based He ϩ bombardment method, the defect contribution, could not be increased by further He ϩ bombardment time. Specifically, the ratio of the two Xe 3d 5 ⁄ 2 features that characterize a particular clean FeS 2 (100) surface remained constant within experimental error after repeated He ϩ cleaning cycles. Hence, the defects investigated here are intrinsic to the natural pyrite surface, and were not introduced on the surface by our cleaning procedure. Furthermore we estimate that the defect sites makeup about 14% of the FeS 2 (100) surface based on our results that show that at a Xe pressure of 3 ϫ 10 Ϫ5 torr the 669.9 eV (stoichiometric surface) to 668.9 eV (sulfur-vacancy) peak area ratio is ϳ6 (Fig. 1) . This is only an estimate, because saturation may not of been achieved under our experimental conditions, and the amount of Xe that adsorbs on a given defect site need not be equal to the amount of Xe that adsorbs on a stoichiometric surface site (Malafsky 1994) .
H 2 O remains bound to defect sites up to 300 K. In contrast, H 2 O bound to the stoichiometric surface of FeS 2 (100) is more weakly bound and desorbs from pyrite in vacuum at a temperature below 200 K. XPS suggests that 5% of the H 2 O monolayer present at 180 K dissociates upon heating to 400 K and results in the formation of iron oxide, that on the basis of PAX is postulated to occur on defect sites. We do not find any experimental evidence for any H 2 O dissociation fragments residing on the stoichiometric surface.
Thermal chemistry of H 2 S on FeS 2 (100)
H 2 S initially adsorbed on FeS 2 (100) at 79 K, remains bound to defects, but vacates the stoichiometric surface of FeS 2 (100) upon heating to 250 K. This chemistry exhibited by H 2 S is similar to that of H 2 O in this temperature range. Beyond this temperature, however, the thermal chemistry of H 2 S is dissimilar to that of H 2 O. Whereas the majority of H 2 O binding to defect sites at 200 K desorbs from pyrite upon heating to 300 K, H 2 S (or its dissociation fragments) binding to defect sites at 200 K does not show desorption with subsequent heating to 600 K.
At least two experimental observations derived from PAX reveal some of the thermal chemistry details of H 2 S. First, the PAX intensity decreases upon heating H 2 S/ FeS 2 (100) from 250 to 500 K, suggesting that the surface coverage of adsorbate increases upon heating to 500 K. It is proposed that H 2 S dissociates in this interval resulting in the filling of surface sites that could otherwise adsorb Xe. TPD experiments suggest that these fragments consist of surface H, S, and SH. TPD results also suggest that at least a fraction of the S resulting from H 2 S dissociation is chemically distinct from lattice S at a temperature of 500 K. This later statement is inferred from TPD experiments that show that S resulting from H 2 S dissociation is removed by atomic hydrogen at a lower temperature than lattice S.
The second PAX observation is that the loss in PAX intensity upon heating H 2 S/FeS 2 (100) from 250 to 500 K, at least partially occurs in a region of the PAX spectrum that has been attributed to Xe adsorption on stoichiometric surface. In other words, whereas H 2 S appears to be exclusively binding to defect sites at 250 K, the dissociation products migrate on to the stoichiometric surface of FeS 2 (100).
We suspect that at least part of the decrease in Xe adsorption on the stoichiometric surface upon heating to 500 K is due to the reaction of surface H (resulting from H 2 S dissociation) with lattice S, resulting in S-H that can block Xe adsorption. This contention would be consistent with TPD experiments that show that DHS product desorbs with a T P of 420 K after H 2 S/Fe(100) is heated to 500 K and then exposed to atomic D at 80 K.
More ambiguity is present in determining the location FIGURE 10. A proposed model for the thermal chemistry of H 2 S on FeS 2 (100). Adsorption of H 2 S on FeS 2 (100) at 100 K results in an adsorbed monolayer with H 2 S binding on stoichiometric as well as defect sites. Heating to 250 K removes weakly bound H 2 S from the stoichiometric surface. Heating to 500 K results in the migration of H 2 S dissociation fragments on to stoichiometric surface. Whereas the diffusion of H is well-supported by our data, it cannot be determined unambiguously whether S containing species also migrate. Heating to 600 K results in the diffusion of surface hydrogen into the pyrite bulk and the formation of new surface sites from the addition of S (resulting from H 2 S dissociation) to sulfur-vacancy sites.
of SH and S dissociation products. PAX of 500 K-H 2 S/ FeS 2 (100) suggests that the majority of defect sites are covered, but upon heating to 600 K, some of the defect sites are vacated and new surface adsorption sites for Xe form. These new adsorption sites have an electrostatic potential similar to FeS 2 . This result might suggest that sulfur-deficient defect sites become more like stoichiometric regions of pyrite via sulfur addition from H 2 S dissociation. In other words, more stoichiometric surface is produced at the expense of defect surface.
There does, however, exist some uncertainty in this interpretation. Specifically, on the basis of PAX the gain in the number of stoichiometric surface sites appears greater than the loss in defect sites (Fig. 6 , clean ϳ 600 K difference spectrum). It may be, however, that this apparent contraction is simply due to a circumstance that has more Xe adsorbing on any given stoichiometric-like site than any given defect site. The abstraction of S from FeS 2 with atomic hydrogen as H 2 S product, for example, leads to a larger decrease in Xe adsorption on stoichiometric surface than increase in Xe adsorption on defect sites (see Fig. 8 ). As stated above, prior research also has shown the difficulties in obtaining site concentrations through the use of PAX (Malafsky 1994) .
On the basis of this interpretation we surmise that at least part of the H 2 S dissociation product, SH and S, at 500 K are located on defect sites (Fig. 10) . We cannot rule out, however, the possibility that these types of fragments also reside on the stoichiometric surface. Such a scenario would require that SH and S be removed from the stoichiometric surface upon heating to 600 K, based on PAX. Because no gaseous products are detected in the 500-600 K interval, diffusion of adsorbate into the pyrite would be the most likely pathway. Whether this occurs for S and SH fragments cannot be determined unambiguously from our data. Our data is more conclusive with regard to placing surface hydrogen on the stoichiometric surface at 500 K so the dissolution of this species presumably does occur upon heating to 600 K.
The experimental observation that the majority of defect sites on FeS 2 (100) that are filled at 250 K became vacant after heating to 600 K suggests that, whereas a fraction of the S-deficient sites can be converted to more S-rich sites, another fraction intrinsically resists sulfur addition. In effect these more stable defect sites may facilitate or catalyze the dissociation of H 2 S on the mineral surface so that the dissociation fragments can then undergo further thermal chemistry on less reactive stoichiometric mineral surface.
Relevance of UHV studies to real processes?
Because of the difference in environment between UHV employed in this study and the natural environment one must be careful in extending our UHV results to understand H 2 S-pyrite reactions in the natural environment. Some of our results, however, appear quite relevant, and have intriguing implications for the understanding of real processes.
The interaction of H 2 S with pyrite in aqueous solution is important with regard to pyrite growth. For the growth of pyrite particles the dissociation of H 2 S is a necessary step. Our results suggest that this step is facilitated by intrinsic structural imperfections on pyrite that can dissociate H 2 S and release the fragments onto the growing crystal. Furthermore, our study suggests that in the vacuum environment surface hydrogen is the primary dissociation fragment that can diffuse from defect to the stoichiometric surface. Experimental results are less conclusive with regard to whether species containing S show this same thermally induced migratory behavior in vacuum. Such a mechanism, however, would provide a possible route through which the relatively unreactive stoichiometric pyrite surface can be constantly supplied with reactant for further growth. Rickard and Luther (1997) proposed that the growth of pyrite via the interaction of FeS and H 2 S in the aqueous environment involves the evolution of H 2 . Based on our results, the reaction of surface hydrogen to form gaseous H 2 on the FeS 2 surface is not a facile process, because an insignificant amount of gaseous H 2 product is observed during the decomposition of H 2 S in vacuum. This result might be taken to support the proposal by Rickard and Luther that H 2 evolution results from the direct interaction between the hydrogen in H 2 S reactant (presumably not assisted by the surface). We also point out that the fate of hydrogen might be to incorporate into the pyrite lattice during the growth of pyrite.
Our results may also be relevant toward the goal of understanding the charge development behavior of pyrite in H 2 S bearing solution. Electrophoresis studies conducted by Bebie et al. (1997) for H 2 S/FeS 2 have determined that H 2 S is a charge determining species in solution. Our results are consistent with this prior experimental observation, because they indicate that H 2 S dissociates on FeS 2 (100) resulting in the deposition of S, SH, and surface H. Future experiments will involve investigating the nature of the surface groups with UHV based techniques, which are present on pyrite, subsequent to exposure to H 2 S bearing solution.
